On the start-up process in a gaseous squeeze-film thrust circular disk by Castelli, V. et al.
General Disclaimer 
One or more of the Following Statements may affect this Document 
 
 This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 
 
 This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 
 
 This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 
 
 This document is paginated as submitted by the original source. 
 
 Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 
 
 
 
 
 
 
 
Produced by the NASA Center for Aerospace Information (CASI) 
https://ntrs.nasa.gov/search.jsp?R=19700009549 2020-03-12T01:03:15+00:00Z
wINCORPORATED 415 76^
ctzl
IPOF
d
MECHANICAL
TECHNOLOGY
0	 N'70 - 1R X54
IACCi381ON tjUMUE RI -i ITHaUI
0
•
s
IP^EOI
	 i ICODEJ
4NAoA CA OR TMX OR AD NUMBCRI (CATEGORY)
C
Y
rMechanical Technology Incorporated
968 Albany Shaker Road
Latham, New York 12110
ON THE START-UP PROCESS IN A GASEOUS
SQUEEZE-FILM THRUST CIRCULAR DISK
by
T. Chiang
C.H.T. Pan
V. Castelli.
Mechanical Technology Incorporated
968 Albany Shaket Road
Latham, New York 12111)
MTI-69TR16
ON THE START-UP PROCESS IN A GASEOUS
SQUEEZE-FILM THRUST CIRCULAR DISK
by
T. Chiang
C.H.T. Pan
V. Castelli
NO. MTI- 69TR 16
DATE: April, 1969
TECHNICAL REPORT
ON THE START-UP PROCESS IN A GASEOUS
SQUEEZE-FILM ViRUST CIRCULAR DISC
by
T. Chiang
C.H.T. Par.
V. Castelli
^2-
Author (s)
at
Approv
Approved
Prepared for
National Aeronautics and Space Administration
George C. Marshall Space Flight Center
Huntsville, Alabama
Prepared under
Contract.- NAS 8-11678
//TI
MECHANICAL TECHNOLOGY INCORPORATED1/1 1 1
768 ALBANY - SHAKER ROAD - L ATNAM , NEW YORK - ►NONE M-0722
MTi- 22 WAS)
TABLE OF CONTENTS
P
INTRODUCTION
----------------------------------------------------------
	 1
ANALYSIS
--------------------------------------------------------------
	 2
RESULTS AND DISCUSSIONS ----------------------------------------------- 	 9
SUMMARY ------------ - ------------- - --------------------------- - -------- 12
APPENDIX I - Numerical Analysis --------------------------------------- 13
REFERENCES------------------------------------------------------------ 16
NOMENCLATURE ---------------------------------------------------------- 17
FIGURES
INTRODUCTION
In a gaseous squeeze-film bearing, one of the bearing surfaces driven by a trans-
ducer, oscillates at a high frequency and an amplitude not small compared to the
mean film thickness. This generates load supporting capabilities: In the liter-
ature, most of the analytical and experimental works concentrated on the load
capacity and stiffness of squeeze-film bearings after a steady-state oscillation
has been reached [Ref, l to 4].
In most circumstances a squeeze-film thrust bearing is started by first having
the supported mass (the float) resting on the lower bearing surface. One then
turns on the transducer which drives the lower squeeze surface. At first, there
is a high pitch noise in addition to the noise generated by the transducer struc-
ture if the squeeze frequency is in the audible range. The high-pitch noise
caused by solid contact between bearing surfaces during the initial stage of the
starting process, will suddenly disappear, indicating that a film has been main-
tained. The physical starting process as described above, is therefore, very
complicated. A simplified model will be considered in the analysis.
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ANALYSIS
Consider a squeeze-film thrust plate shown in Fig. 1. The lower plate, driven
by a transducer, is squeezing at an amplitude a which could be a function of time
because it takes a certain amount of tittle for the transducer to build up and
reach a steady-state amplitude. If we start the bearing with the float resting
on the lower squeeze surface, the excursion amplitude takes even longer to build
up because of the interfacial damping. For a given squeeze frequency C2 and as
the excursion amplitude a increases, it will reach a point that eD2 is equal to
the gravitational acceleration (or that due to preloading if the float is pre-
loaded). From that point on, the supported mass will not be able to follow the
lower squeeze surface during a downward motion; the squeeze surfaces will momen-
tarily seperate. Several possible things or their combination may occur at this
stage of the starting process; they are enumerated as follows:
1) If the time interval of seperation is very short, the squeeze-film
pressure has no time to build up. Therefore, the lower squeeze sur-
face will "hit" the float at an impact velocity depending on the par-
ticular dynamic condition.
2) After impact, they may stick together until they seperate again by
the aforementioned mechanism, or the float may be bounced off by the
laws of dynamics. Because the impact causes some internal losses,
the excursion amplitude decreases somewhat, and then increases again
afterward.
3) The above process will repeat until the float is either throsn up or
bounced up to a height of, say, 5 times the equilibrium film thickness.
It is from this point that we shall start the analysis of the start-up
process of a squeeze-film thrust bearing.
The film thickness can be considered to consist of the following,
h(t) = e(t) cos C1t + h (t)
	
(1)
CO
a 2r
The first term on the right hand side of ( 1) is obviously the squeeze motion,
whereas the second term h^(t) is the transient film thickness. Obviously, hCo(t)
indicates the location of the supported mass; as t 	 w, h00(t) -+ C which is the
equilibrium film thickness.
The isothermal Reynolds' equation of a squeeze-film thrust circular disk can be
written as
r
2
R a (PH3R a) = p	
(C)	 t
a
where
P = P/pa
H = h/C
= PH
R — r/r 0
C — steady-state equilibrium film thickness
Note that in Eq. (2) the only two dimensional quantities are t and 124/p a (r0/C) 2,
the latter has the physical significance of a transient time. For convenience,
we define a characteristic frequency w,
r
)
2	 -1
w P^ (C
a
The initial and boundary conditions for Eq. (2) are
P	 1	 at	 R — 1
	
= 0	 at	 R _ 0
aR
P — 1	 at	 t = 0
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(2)
(3)
(4)
(5)
%V
T —	 « 1
T	 n (12)
The variation of a with t is dependent on ttte characteristics of the driving
transducer. A typical plot of a versus t is shown in Fig. 2. In most circum-
stances it can best be represented by
e = l - exp (-t/t i )	 (6)a
where e a
 is the asymptotic value of a and t  is a relaxation time.
Since both the squeeze action and transient nature of the problem contribute to
the time dependence, we can write formally
(7)
where
T = tut
(8)
T = Ot
Thus,
.0 = U ddT + ^ d^
at	 aT dt	 BT dt	 t.
Substitute into Eq. (2),
!1
	
__
2 R a (R 	)	 Q	 -^	 (10 )
where a _ squeeze number
2
= 1240 
r
	
 ( C ) = L	 (11)P a
It is seen from Eq. (8) that there are two time scales for this problem, one
is associated with the squeezing and the other is associated with the transient
behavior. Typically, 0 is much greater than Co. Thus,
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Now, it is quite obvious that when the squeeze motion completes one cycle (T
changes from T O to T  + 2'R), the transient time changes only by an amount equal
to 9-T w/n which approaches zero as 0 -+ w. Therefore, the transient motion is
quasi- stationary with rebpect to the high frequency squeeze motion. A general
asymptotic analysis for large a (or c)) was given in [ J and [ ]. The results
will be applied to the present problem and summarized as follows.
As Q --+ w, *(R,T,T)	 *A(R ) T)
	
(13)
where	 is the asymptotic approximation of * for large Q in the interior of
CO
the bearing film, i.e. The whole film excluding the narrow region near the
edge (R=l). This narrow region is the boundary layer of the squeeze film and
is of the order of 1/-'.
Using the results of [ ] and [ ], the governing equation of ^^ can be shown to
be
1	 a (H^^^2)	 B
*W
2R BR R BR	 BT (14)
with boundary conditions
	
^2	
= N^2 (T) + 2 C2 (T)	 (15)
R=1
a(* 2)	 = 0	
(16)
R=0
and initial condition
-5.
where
*	 = H	 (17)°° T
=0	 °D I T=.
e(T) = e'T
	 (18)
,t	 ; e k	 -
Eq. (i) hAs been non-dimensional.ized to
H(T1 T) = Ha*(T) + s(T) cos T	 (1 )
Note that
2n
H(T,T)d T = H0(T)	 (20)
0
In Eq. (14) there are two unknowns, oo and *,. We can write an additional
equation which is the equation of motion of the supported mass.
d 2h
	
rro
M
 d
2	 J Mg +	 (p - p a ) 2rr'rdr
t	 0
or
	
2 d 2H	 1
M-  --2°D = - MR + 2	 (H - 1) RdR	 (21)
a	 dT	 a	
0
Integrate Eq. (21) over one squeeze cycle,
	
2	 2n	 1
$ d H0D = -	 &-' - 1 + 2	 d TT	 °D Rd R	 (22)
	
2	 p A	 2n	 H
	
dT	 a	 0	 0
where
_ MCW2
B ^A
pa
We have used the condition that H and hence d 2 H /dT2 are independent of T•
	
M	 ae
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a_
Now, if wc, let
G(R,T) = *002 (R 3 T)	 (23)
t'iLer;, Eq. (14) is reduced to
b2 G
+ 
R	
1	 (24)
BR 
	 bR	 H G d
The boundary and initial conditions are ;, from Eqs. (15) to (17),
G(R=1 ) T) = H002 (T) + 2s 2 (T.)	 (25)
.,	 0	 (26)
bR R-0
G(R,T=O) = H 2 (T=0)	 (27)W
Carry out the T integration and replace	 by G,
d 2H	
1 -V-G—200 _ _ R - 1+	 - 2 2-	 2	
'
V G RdR	 (28)
dT	 a	 VH^ (T) s ( T) 0
One can easily prescribe two initial condition;- H (T=0) and H (T=0) corresponding
co
to the initial displacement and velocity respectively.
Equations (24) and (28) are to be solved for H00 and G by numerical methods in
the next section. It is interesting to note here that when steady state is
reached, both H
a	
Wand G will be independent of T; in fact, H should be unity by
definition. Let subscript "ss" indicate steady state solutions. Then, we have
7-
2
d_ + 1 d^ = 0
	 (29)
dR2	 R dR
a nd
	
- MR - 1 = 0
	 (30)Qss	 paA
where
1
Q --	 2-	 -	 S	 \	 RdR
JH CO ` (T)
	 `(T) 0
	
normalized squeeze-film force	 (31)
1
^^--^- r	 RdRQss	 Vl - s2	 ss0
The solution of (29) satisfying (25) and (26) can be shown to be
G 	 l + 2 e2
	
(32)
Mote that Gss is independent of R. From Eq. (31) we can easily obtain the steady-
state normalized squeeze-fi1i- force,
1 + E2
Q ss	 1 - e2
	 (33)
which is a well known result.
During the transient period, G and 
H00 
have to be solved from Eq. (24) and (28),
from which the instantaneous squeeze-film force Q can be calculated.
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RESULTS AND DISCUSSIONS
A numerical analysis for solving Eqs. (24) and (28) subject to boundary and
initial conditions (25), (26) and (27) and initial H 
00
	
CO
And H , is shown in
Appendix 1. The numerical computation has been programmed on a computer. We
shall illustrate the results by the following example.
Given:
r	 = 1 in.0
M	 _ 0.5 lb.
t 	
= 0
e	 — e = 0.0005 in.
a
µ	 = 2.7 x 1,0
-9
 lb.sec/in2
pa = 14.7 psi.
The equilibrium film thickness can be readily calculated from (30)and (33).
C = 0.00538 in.
The characteristic frequency w defined in (4) is calculated to be w = 13100 rad/.sec.
This value of w is obviously on its high side because C is normally designed at 1
mil (e can be reduced accordingly). With C = 0.001 in, w = 452 rad/sec.: which is
much lower than the previous value.
If we set HCO(T=0) = 10, m(T=0) = 0, the variations of G at R = 0 and R = 1, against
T, are shown in Fig. 3. Recall that G =	 2 = P 2 H 2 . When H is large (say 5),
P N	 r--dicates1; hence G	 H 
2	
co
. 
Furthermore, this in	 that when H is large G does not
CO
vary appreciably along the film. When H is small (less than 1), the spatial dis-
tribution of G is shown in Fig. 4. The G --urves for various T in Fig. 4 give an
-9-
indication of the distribution of P 2 at different time, noting that P2 = G/H 2.
COThe dimensionless squeeze-film force Q can now be obtained from G by quadrature.
In Fig. 5 
H00 
and Q are plotted T. It is seen that the supported mass starts
with a zero velocity and an elevation of ten C. Since the pressure inside the
film is essentially ambient, the mass falls down freely until HM sus 1 (T ft 200) .
There the pressure starts to build up as indicated by increasing Q in Fig. 5.
Consequently, the mass slows down to a zero velocity at T = 216 and H = 0.21.
The value of Q is 1.45 at H = 0.21, which is much higher than the steady-state
CO
force required to maintain equilibrium (which is 1.01). Therefore, the mass
will be pushed upward and come down again:, The process will repeat itself with
decreasing amplitude, until finally it will reach a steady-state situation. The
solution has been carried to T = 1000: With w = 13,100 rad/sec, this corres-
ponds to a real time of t = 0.076 sec. only; it is already clear that the mass
is approaching to the equilibrium position. If the same mass is displaced to
H
cc
(T=0) = 5 and H00(T=0) == 0, the solution HCO is plotted against T in Fig. 6.
The two H curves in Fig. 6 show similar characteristics.
CO
Let the point A in Fig. 5 be at T = 205, H
CO 
= 1.0 and H 
CO 
= -0.0803. It is in-
teresting to note that if we prescribe the initial conditions of H = 1.0 and
CO
H — -0.0803, and run the computer program, the solution would follow precisely
CO
the same path from point "A" on, as can be anticipated. The above situation
can be interpreted as exerting an impulsive force on a mass supported by a
squeeze-film bearing. Suppose that the impulsive force yields a velocity of
H	 -0.0803 (or 5.6 in/sec.) at H = 1. Then the solution obviously indicates
CO	 CO
that the squeeze-film bearing would survive the shock and eventually restore to
its steady operation.
It is also interesting to observe that the fundamental of the oscillations of
H displayed in Figures 5 and 6, has a period of approximately 210 (or t = 0.016
CO
sec.). In other words, there is a fundamental frequency of 62 cps. This is
obviously the	 k/m type oscillation. The dependence of the squeeze-film stiff-
ness k on H is schematically shown in the following sketch. Although k is not
CO
a constant, for the purpose of calculating the natural frequency we take the
value of k at H = 1 in as much as the oscillations are more or less centered
CO
10-
2	 3
H
00
k
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k
i :
at H0 = 1. Thus, m
	
05/386 406 rad /'sec = 65 cps, which agrees
quite well with the fundamental frequency displayed in kig. 5. Note that we
have used the value of the static stiffness for k instead of the dynamic stiff-
ness. Since the frequency of oscillation is low (65 cps), the quasi-static
value of the stiffness should be a good approximation (See Ref. 7).
-12-
SUMMARY
The start-up process of a squeeze-film thrust bearing was analyzed with the
simplification that the float starts off with a given velocity and a given
elevation different from the equilibrium film thickness.
Since the time scale involved in the transient process is much longer than
the squeeze period, one can apply a generalized asymptotic analysis for large
6 . The results show that when the gap is greater than the equilibrium film
thickness C, the squeeze-film force is not large enough to support the float;
consequently, the gap would decrease:. When the gap decreases to a value equal
to C, it will continue to decrease because of the inertia of the float. But
now the squeeze-film force is building up until it reaches a value that will
compensate the float inertia; at that point, the gap ceases to decrease. The
squeeze-film force is now too large and the float starts to move up. It will
over-shoot the equilibrium position and the process will repeat itself in a
convergent manner. Eventually, the float would settle down at the equilibrium
position.
QR	 1
N
(x.5)
-13-
APPENDIX I
NUMERICAL ANALYSIS
The numerical solution of Eqs. (24) and (28) subject to boundary and initial
conditions (25), (26) and (27) and initial Ho and H00, will be obtained in this
section. First, let us rewrite Eq. (28) in the following form.
-1/2	 1
pp A- - 1 + 2 [H^2 (T) - s2 (T) ]	
SO 
-VG (R,T) RdR
CO	 B
Let LET be the time step. We can integrate (I.1) to obtain H and H at T + X.
H (T ♦ DT) _ H (T) + .H (T) dT	 (I.2)
0o	 CO	 CO
H (T + DT) = H (T) + H (T + dT) LET
CO
	 I.3)
In order to achieve numerical stability, implicit method will be used in solving
Eq. (24) which can be written as
G. (T + LET) - G (T)	 a2G,	 aG.
1	 i	 —	 21 + R, bR	 HGo(T) JG, (T)	 (I.4)
aR	 z	 T + a
Note that the space derivatives of G are evaluated at T + 4T, whereas the ex-
plicit method evaluates the space derivatives at T. The subscript "i" indicates
stations. Let there be N divisions between R = 0 and 1, so that
Using central difference formula we have
-14-
Gi+l - Gi-1
aR	 UR	 (z ' 6 )
2
Gi+1 - 2Gi + Gi-1
2A	 (_A R) 2 Cz -7)
Substitute into (1.4),
G  (T + LT)	 Gi+l (T + LT) - 2 G i (T + 41) + Gi-1 (T + LET)
LT	 (.^R) 2
G. (T + LT) - G i (T + LT)+ i+1	
2R. 4R-1
	
HW(T)	 Gi(T)
G  (T)
----)	 (i — 1, 2, . . . N - 1)	 (I.8)
z
The boundary condition (25) can be written as
GN ( T) = HCO
	
+ 2 ^2 (T)
	
(I.9)
The qero - slope condition (26) at R = 0 can be rearranged so that we can use it
more effectively than writing GO ( T) = Gl (T) . We first note that near R = 0 we
can approximate G by a parabola.
G = A2 + b	 (for small R)
Then it is clear that
1 aG	 .8 G	 = 28
R 6R R=0
	 2A2 R=0
and
FG	
_ G
1 - 2G0 + G
-1	 G1 - GO
bR2 
R=0	 (,6R) 
2	 (.6R)
 2
Utilizing (24), we can replace the qero -Lkope condition by
G (T + LET)	 G (T)
0 ZT	 -	
4 
2 HCO (T)	 GO (T)	 G 1 (T +LET) - GO (T + &T)
(1.10)
The initial conditions for the system are
G(R, T=0) = HW2
 (T=AO)	 (1.111
HCO (T-0)	 = given
(1x12)
HCO(T=0)	 = given
Knowing the initial values of G's and H we can start the process by marching
one time step 6T from T =O, and calculating H (4T) from (1.1), (1.2) and (1.3) .
CO
There are "N+1" unknown G's at LX, i.e., GO „ G 1 , . .	 GN . Equation (1.8) pro-
vides "N-1" equations. Equations (1„9) and (1,10) give two additional equations.
Thus, the "N+1” equations can be solved simultaneously for G0 , G1 , . . . G  at &T.
We can repeat the process at each time step progressively until a prescribed time
has been •reached
-16-
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WNCLATURE
A	 area of squeeze-film
B	 mass parameter
C	 equilibrium film thickness
e	 squeeze amplitude
e a
	asymptotic value of e
G	 2Co
h	 instantaneous film thickness
hCO	 time-average of h over one squeeze cycle, h^ also indicates the
location of the supported mass
H	 h/C
H	 h /CCO	 00
M	 muss supported by squeeze-film
p	 pressure
pa	
ambient pressure
P	 p /pa
Q	 normalized squeeze-film force, Eq. (31)
Qss	 steady - state Q
r	 radial  coordinate
r 0	 outer radius of circular plate
It	 r / r 0
t	 time
t l
	relaxation time defined in Eq. (6)
T	 dimensionless time, cwt
Viscosity
a	 s q ue	 auc6o
typical frequency defect Via. I9q. (4)
n	 squeeoe frequency
I
4
f
f
'
's
Fri
Ie
Fig. 1	 Geometry of a Squeeze-Film Thrust Plate
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Fig. 2	 Squeeze Amplitude Versus Time
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